Microstructure often has a significant impact on the physical properties of electroceramics, and such a view is being widespread. In this article, two of our recent microstructure investigations in electroceramics are reviewed. In the first example, atomic-scale structure of grain boundaries in zinc oxide, which plays important role in generation of the electrical function, was analyzed. It was suggested that a role of praseodymium doping is to facilitate the formation of acceptorlike defects such as zinc vacancy. In the second case, dynamics of nanodomains in piezoelectric single crystals was investigated. In-situ transmission electron microscopy observations revealed that reorientation of nanodomains is the dominant behavior of polarization reversal. I believe that such microscopic viewpoints help us better understand the origin of intriguing physical properties in electroceramics.
General introduction
Microstructure often has a significant impact on physical properties of materials. Local atomic arrangement, electronic state, and chemical composition are not always homogeneous throughout the materials, and the inhomogeneity becomes the origin of peculiar properties. Such examples nowadays can be found in various functional materials. Formation of local electric dipoles in nano-scale regions due to the atomic displacement is known as "polar nano regions" in relaxor ferroelectrics, 1) and inhomogeneity of electronic charge and/or spin causes intriguing properties such as colossal magnetoregistance in strongly correlated electronic systems.
2), 3) Emergence of the properties in the nanoscale regions highlights the importance of the microstructure investigations. Understanding of the structure-property relations truly provides a clue to resolve the complicated mechanisms of intriguing properties in complex systems. Morphotropic phase boundary (MPB) ferroelectrics are also classified in the same kind, because they possess complex structure and exhibit very high piezoelectricity. Relation between the complex crystal and domain structure and high piezoelectricity is an important and interesting topic in electroceramics.
Another sort of inhomogeneity is brought into materials by the presence of lattice defects such as grain boundaries (GBs). Continuity of crystal lattice is broken, and the atomic arrangement differs at the GB. This also results in the change of the local chemical compositions and, subsequently, the physical and chemical characteristics are altered. Such phenomena have long been known in electroceramics, and electrical functions arising from the GBs are widely utilized.
4),5) Typical examples are nonlinear currentvoltage characteristics in zinc oxide (ZnO) varistors 4) and positive temperature coefficient of resistivity in barium titanate. 5) However, the microscopic origin of these properties has not clearly been understood. Clarifying of the origin possibly leads to further improvement of the device performance.
In the present article, I introduce two of our recent investigations on microstructures in electroceramics. In the first example, our atomic-scale analyses of ZnO GBs are summarized. Combination of electron microscopy observations and theoretical calculation has revealed the atomic and electronic level detail of the GB. Role of the GB in generation of the nonlinear current voltage characteristic is suggested. In the second case, domain structure analyses in MPB ferroelectric single crystal are introduced. The analyses focus on the nanoscale domain dynamics under the application of external electric fields.
2. Atomic-scale structure of ZnO GBs
Electrical property of ZnO
ZnO is one of the most commonly used electroceramics, and it has a wide variety of practical applications. For example, it has long been used as surge protecting devices (varistors 6),7) ), and it is intensively investigated for transparent electrode and lightemitting device applications recently.
8) It has wurzite hexagonal crystal structure as shown in Fig. 1(a) . 9) When it is projected along ©0001ª, Zn and O ions align in the same columns and the crystal displays the hexagonal configuration as in Fig. 1(b) . ZnO exhibits n-type semiconductivity even for the nominally undoped materials. The microscopic origin of the donor state that provides carrier electrons is still under debate, although Zn interstitial, 10) O vacancy, 11) unintentional hydrogen impurity, 12) and complex defects 13) have been proposed as the candidates so far. Trivalent cations such as aluminum 14) and gallium 15) ions are often added to increase the electrical conductivity. On the other hand, it is quite difficult to obtain p-type semiconductivity due to the strong self-compensation effect. Fabrications of p-type ZnO have been reported by means of nitrogen doping to high-crystalinity films 16) and co-doping of gallium and nitrogen 17) for example. ZnO ceramics doped with bismuth 6) or praseodymium (Pr) 7) and some other additives exhibit highly nonlinear currentvoltage (IV) characteristics. Owing to the high nonlinearity, they are used as varistors (variable resistors) for protecting electrical circuits. 18) Double Schottky barrier (DSB) model was proposed to explain the nonlinear IV characteristics. 19) In this model, unoccupied (acceptorlike) states (often referred as "interface states") are created at GBs, trapping electrons from the adjacent n-type semiconductive grains and, due to the negative extra charge at the GB, the DSB is formed. Thermionic current flowing across the DSB well accounts for the nonlinear IV characteristics. 20) On the other hand, the microscopic origin of the interface states is not clarified yet, although some models such as insulating GB layers, 6) segregation of dopant elements, 21) absorbed oxygen, 22) excess oxygen monolayer, 23) intrinsic acceptor defects (Zn vacancy or O interstitial), 24) complex defects 25) have been proposed. GB structure should be clarified in the atomic and electronic levels for obtaining better understanding.
Bicrystallography and GB structure investigation
In general, GB structure largely depends on the crystallographic orientation relationship and the GB plane orientation. 26) Therefore, there is a wide variety in the GB structure. This is the reason why GB structure investigation is usually very difficult using ceramic specimens. However, coincidence site lattice (CSL) theory enables us to predict the orientation relationship of two crystals and the GB plane orientation so that the GB can have the periodic structure. 27) Let me think here about overlap of two crystal lattices for making the prediction. 20} of the two lattices make 21.8°, points where lattice points of the two crystals overlap appear. These points are called the CSL points, and the smallest lattice constructed only by CSL points is defined as CSL. Volume ratio between the CSL and the original unit cell is defined as the value. It is predicted in Fig. 1 (c) that the GB plane of {12 30} yields the shortest period, and the GB planes of {14 50} and {1 100}//{35 80} also form rather short periods. In the present article, structure investigations of the ZnO 7 {12 30} and 49 {35
80} GBs are introduced.
28)33)
Scanning transmission electron microscopy (STEM) and theoretical calculations are often used for analyzing atomicscale GB structure. Symmetric tilt CSL GBs with the low-index rotation axis are often chosen because they meet some requirements for STEM observations and theoretical calculations. In order to observe the GB atomic arrangement, electron incident direction should be often parallel to the low-index axis of the crystal, and it should be also parallel to the GB plane simultaneously. Short structural period of CSL GBs allows us to apply three-dimensional periodic boundary condition for the calculations. Single GBs with the desired orientation relationship and GB plane suitable for the atomic-scale analysis can be fabricated by bicrystal experiments. In the publications introduced here, ZnO single GBs in the bicrystals 28)33) were intensively investigated. The ZnO GBs were observed by high-angle annular darkfield (HAADF) STEM imaging, and theoretical calculations were carried out using static lattice method with empirical interatomic potentials 34) and first-principles density-functionaltheory methods. 35) 2.3 Atomic-scale structure of ZnO GBs and its impact on the electrical property Figure 2 (a) shows a HAADF STEM image of the ZnO 7 GB with the doping of Pr. 32) Since atom column positions appear as bright spots and the spot intensity has atomic number (Z) dependence, 36) the GB atomic arrangement and the location of heavier elements such as Pr (Z = 59, cf. Z = 30 for Zn) can be directly understood from the image. The GB structure is periodic as indicated by the set of circles. Pr strongly localizes to particular columns. The atomic arrangement resembles that of the undoped GB case, and Pr replaces the special Zn sites without causing large reconstruction. A stable atomic arrangement obtained from the calculations is shown in Fig. 2(b) , which agrees well with the STEM image. The structural unit is composed of four-and six-membered rings and Pr substitutes the fivefold-coordinated Zn site. Presence of Pr is confirmed by electron energy loss spectrum taken from the GB [ Fig. 2(c)] . Pr signal appears only from the GB confirming that Pr localizes to the GB. Comparison of the spectrum with the references 37), 38) reveals that Pr takes +3 oxidation state [ Fig. 2(c) ]. Since Pr
3+
replace Zn 2+ at the GB, this suggests that Pr would act donorlike rather than acceptorlike that is required for the DSB formation. It is therefore considered that Pr itself would not be the direct origin of DSB. Furthermore, in order to understand the role of Pr, formation energy of acceptorlike defects was calculated [ Fig. 2(d) ]. It was found that Pr-doping facilitates the formation of Zn vacancies and O interstitials as compared with the undoped case, and Zn vacancies have lower energies than O interstitials. It is therefore suggested that a role of Pr in the generation of nonlinear IV characteristics would be to facilitate the formation of acceptorlike defects such as Zn vacancies.
In addition to the effects on the electrical properties, selection rule of the Pr positions is important point for understanding the underlying structure formation mechanism. Figure 3(a) shows a HAADF STEM image of the Pr-doped ZnO 49 GB. 33) In this case, longer period is formed along the GB. It turns out that Pr occupies three kinds of special positions, which agrees well with calculations [ Fig. 3(b) ]. The reason why Pr takes these positions can be understood from a bond length map in Fig. 3(c) . It was found that the location of Pr agrees well with the location of Zn with locally longest bond length. Since Pr has larger ionic radius 39) 40)42) Due to the high piezoelectricity, PMN-PT single crystal is used for the ultrasonic probe in medical imaging devices. The crystal structure has been intensively investigated, since it should be closely related with the piezoelectricity. It had long been believed that there was a boundary between rhombohedral (r) and tetragonal (t) phases at the PT composition of about 30% in the phase diagram, which is known as morphotropic phase boundary (MPB). Later, the presence of monoclinic (m) phase that would accompany the polarization rotation was reported.
43)47)
In addition to the crystal structure, domain structure is also an important structural aspect. For example, it has been suggested that the ultrahigh piezoelectricity was obtained relaxor-ferroelectric single crystals such as PMN-PT and PZN-PT [Pb(Zn 1/3 -Nb 2/3 )O 3 PbTiO 3 ] as a result of the engineered domain configuration, 48) , 49) where the electric field (E field) direction differs from the spontaneous polarization direction of the crystal. On the other hand, it is known for MPB PMN-PT that the domains are scaled down to about 10 nm in width. 50)53) Since the piezoelectricity appears when external stimuli such as E field and mechanical stress are applied, not only the static domain structure but also the dynamics under the stimuli should be understood. However, it is not an easy task at all to directly observe the nanodomain (ND) dynamics in real time. For example, although optical microscopy enables us to record domain dynamics in real time, the spatial resolution is not satisfactory to observe NDs. Piezoelectric force microscopy enables to image NDs and, however, real-time observation of dynamics is not realistic. On the other hand, real-time recording of ND dynamics is in principle possible with transmission electron microscopy (TEM) based technique. However, such experiments are still difficult tasks and number of the reports had been quite limited.
54)56)

In-situ TEM observation of ferroelectric domain
In-situ electrical biasing TEM observations of ferroelectric domains had been reported so far. 54)56) However, number of the reports was quite limited because there are some limitations such as that (i) special specimen holder is needed, (ii) specimen preparation is not easy, (iii) very high E field is needed, and so forth. The experiments therefore cannot be done in routine ways. In order to overcome the technical difficulties, we have developed a technique. Here, I briefly introduce the methodology, and more details have already been described elsewhere.
57),58)
The basic concept is schematically shown in Fig. 4(a) . Using the specimen holder as in Fig. 4(b) , E field can be applied to the both sides of the specimen. The specimen is designed as shown in Fig. 4(c) . Piece of PMN-PT crystals is processed by the focused ion beam technique so that the specimen be thin enough for electron transparency and be subjected to the electrical biasing. It should be also noted that the precise control of specimen tilt is required to clearly observe the domain structure, which can be done with this specimen holder. Since the distance between electrodes becomes about 10¯m with this method, E field as high as a few tens of kV/cm can be obtained by applying the voltage of a few volts from outside. Furthermore, the direction of E fields and the electron incident direction can be controlled for single crystal specimens as used here. Thus, there are many benefits in doing in-situ TEM observations. Figure 5 shows a typical domain structure in MPB PMN-PT. The field of view in Fig. 5 (left) is divided into two microdomains (MDs) (top and bottom) as in Fig. 5 (right) . Lamellarlike NDs exist in the MD, and the ND width is roughly about 10 nm. Orientation of NDs and nanoscale domain walls (NDWs) differ in different MDs. NDWs are flat and are considered to be non-180°DWs, while microscale DWs (MDWs) are not always flat. This kind of structure is referred as hierarchical domain structure.
Domain structure of MPB PMN-PT
51),52) Crystal structure of single ND is still under debate, although several groups have attempted to reveal it. Some different results such as t-phase NDs, 51) r-phase NDs, 59) m-phase NDs, 60) and t-and r-phase ND coexistence 61) have been reported. Here, the discussion is focused on the domain dynamics, although the crystal structure is of central importance.
Nanodomain dynamics in MPB PMN-PT
Result for the unpoled specimen is introduced first.
58) E fields of lower than about 1 kV/cm did not cause apparent change in the domain structure. When the E field became higher than that, we started to observe the domain response. In Fig. 6(a) , there is one MD in the field of view before biasing, and more than a half of the area is turned into the other MD after biasing of ³10.8 kV/cm along [001] [ Fig. 6(b) ]. The domain structure was not recovered to the original state on the removal of the E field, and it is considered that the observed response correspond to a part of poling process. NDs and NDWs are reoriented in the newly formed MD. Lamellarlike NDs are maintained and their width appears to be unchanged after the biasing.
Result for the poled specimen is shown next. 57) Figure 7 (a) shows the domain structure right before the biasing. The field of view is divided into three MDs, and the respective MDs are composed of lamellarlike NDs. When the E field was applied, the domains quickly responded and became the structure in Fig. 7(b) . One of the MD (top) component becomes dominant and covers most of the area, accompanying NDs and NDWs reorientation. High density of NDs and NDWs still exist under the E field. On the removal of the E field, the structure was recovered to the original state [ Fig. 7(c) ]. Therefore, reversible response was obtained for the poled crystals. Similar experiments for different E field directions such as [001] were carried out, and similar tendencies have been obtained except for the E field values. Therefore, it is considered that the above trend is common for the poled crystals.
Jin et al. have made some predictions on ND responses for the poled crystals by the adaptive phase theory. 62) They had suggested that (i) high density of NDWs is formed due to the abnormally low DW energy, (ii) population of invariant NDs is redistributed under E field, and (iii) the domain response is reversible. It is found from our results that high density of NDWs is maintained under E field, which is consistent with (i). The reversible response also agrees with (iii). On the other hand, Jin et al. predicted for (ii) that NDs width is altered under E fields [ Fig. 8(a) ], which was not observed in the present case. Rather, the redistribution of invariant ND population was done through the ND reorientation [ Fig. 8(b) ]. Our studies have revealed here that the principal process is reorientation of NDs and NDWs both for the poled and the unpoled cases. It may be therefore suggested that some modifications are needed for the theory to discuss the piezoelectricity obtained for MPB PMN-PT.
Closing
In this article, two examples of microstructure investigations are reviewed. Not limited to these particular cases, physical property of the whole material system should be comprehensively understood both from the microscopic and the macroscopic viewpoints. I hope that advancement in the macroscopic and microscopic structural analysis and their comprehensive understanding brings the material science forward. 57) The domain structure (a) before, (b) during, and (c) after the electrical biasing. TEM images on the left and domain schematics on the right. E field of 24.4 kV/cm was applied to ©111ª, which is the horizontal direction in the figures. 
